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AT REYNOLDSNUMBERSUPTO 8,000,000

By D. Will.isJ.U‘Conner

. . . . . ,
SUMMARY ‘ ,

.4 .

,, . . .

~eets have been.cor@ucte&at Re~olds numbers up to 8,000,000
to determinethe effect3,veness07 a reflex-oambered.m&ui line in ~”
shiftingthe low-dragrangeof’a highlytapered,moderatelyswept-“’
back wing withoutmateri@y, affectingthe longitudtal,qtability.
Two nmdelswere teeted,one with,symmetricalalrfot.i.sectionsand
the oihe?with the samebasictliicknessformsbut with a reflex-
cemboredmesm line.

....... .-,... ... .
The re&lts o~ these‘teqt’ssh,~the folloyingeffects’“ofthe ~‘”

reflex-oa.mberedmesn line: (1)the upperlimit of the low-drag
rengewas shiftedfrom a lift coefficientof about0.35 to aboutO.65;

. (2) airplanet~imwas unaffectedat zerolift but at low lift coof-
ficieutsthe neut~alpointwas movod forwardabout 2 poroontof the
mesa aerodynamicchordand at lift coeffici?ntsbeyondthe”low-drag ;‘
range the forwemlshiftfn the neutral point tie more”severe;
(3) the wing st~ W= delayedbut, c?nce,s%=ted,progressed more
rapidly;and (4) the maximumlift coefficient,if the wings”were
t~immed,wOtiabe slightlyincreas6d. ,,.. ,. ..‘.,

INIllODUCTION
....

In selecthg the airfoilsectionsto be employedin the design
of a taillessairplane,en importantconsiderationis the wing pitching
momentswhich,for trfm requirements,must remainmoderate. Because
of their low drag qualities,NACA 6-seriesairfoilsare desirable
for high~eed, and long+rangeoperationsand, if symmetrical,have
moderatepitchingmoments. The lift coefficientsenoompasingthe
cruisingconditionsare, however,generallyabovethe low-dragrange
of practical.s=tricel airfoils. Addhg camberand reflextngthe
mean line offersa possibillty of shiftingthe low+rag range of the
wing to inoludehigherlift coefficientswithoutmateriallyaffecting
the pitchingmoments Testswere conductedin the Langleyl>foot
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pressuretunnelof two highlytaper;~~a&e&ately swept~ack wings of’
identicalplan form One of the wingswas of NACA 6-=seriessymmetrical
air~oilsect’ionsand the otherwiw iwom~~ated the s- basic airfol~
sectionsbut had canibered.and reflexedmean lines. The Re~o,ld8number
rangefor thesetestswas from 3,000,000to 8,000,000,

CL

CD

CDO

cd
o

cm

a

R

M

where

L

D

@

CDi

smBoIs

lift coefficient(L/@)

drag coefficient(D/qS)

prOfile*ag c~fficient [CD - CDiJ frm force

f

.AOc~ fromwake surveysmeasurements; s
wake span

sectionprofile-dragcoefficientbased on sectionchOrd
flwmmeasurementsof flow lnwake

pitching+nomentcoefficient(M$/qSt?)

angleof attackof root chordcorrecteflfor air-flowuis-
alinementmd Jet-boundayinterferenceeffects,degrees

Reynoldsnuuiber(pVF/U)

Mach nuniber(V/Vc)

lift

drag

pitchingmomentabout
aerodynamicchord

quarter+hord

fnduced+ragcoefficient

(0.0436cL2+ 0.0006cL+ 0.0003)

()dynamicpressureof free stream $V2

pointof mean

,
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s wing area

o seotianaho~

i! ,meanaerodynamic

/ fb/2 \

P mass densityof air

T airspeea

v c~”fficientof ViEcosity

b wing span

Y lateralcoord~nate

v= speed of so- in air

MODELS

Both wing modelswere made of lamlnatedmahoganylaoqueredand
ssmdedto a smoothfinish. The symmetrical wing had NACA 65(318)-019.,
airfoilsectionsat the oenterHne ad NiCA 65,3-018sectionsat the
constructiontip; thes9 sectionsare described.in reference1. The
modifiedwing incorporatedthe samebasic thicknessprofilesas the
originalwing but used a reflex-camberedman line. The mean linewas
simtlavto that of the NACA 65,3-618airfoilwith a 0.2-chofipitch
controlflap deflectedupwardto effectzeropitchingmomentat zero
lift● The mean line for the modifiedwing was fairedso that no break
occwmeilat the O.&hord station. Ordinatesfor the root and construc-
tion tip sectionsare givenin tableI.

The wingswere practicallythe same in geometryend the exact
dimensionsfor eachwing are givenin figure1. Fime 2 showsthe
s.ymmatricalwing model installedin the test section. The wings
were testedwithoutflaps,controlsurfaces,landinggear,nacelles,
or otherprotuberances.

APPARATUSm TEsTs

The testswere conductedin the Langleyl-foot pressuretunnel
with the air compressedto a densityof approximately0.0052slugper
cubicfoot. valuesof dynamicpressurerangedfrom 20 to lk5 pounds
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per squarefoutwith the reaul,tfnglfachnumbersveryhg from 0.08
.

to 0.21. Testswere made overan angle~f+ttick r~~ fmm below zero
lift to beyondthe stall. Measurementsof lift,drag,and pitching
mcmentweredtdned by means of a simultaneous-recordingbalance
system. The profiledragWaEIobtainedboth from foroetestsand from
surveyswhich determinedthe loss in momentumof the wing wake. The
stallingchuragteristicawere determinedby observingthe aotionof
strandsof cottonthreadattaohe~to the uppersurfaceof the wings
on the rear 60 percentof the wing chora. Forcetestsand stallstudies
were alsomade with roughnessappliedto the leadingedge of eachwing.
The roughnesswas obtainedby applfcattonof No. 60 (0.Oll-inchmesh) ~
Carborundumgrainsto a thin layeror shellacovera surfacelengthof
8 percentchordmeasuredfromthe leadingedge on both upperand lower
surfaces. The grainscoverod5 to 10 pe~centof the affectedarea.

.

RESULTSAND DISCUSS1ON

All datahavebeen cmrectea for the tare and interference
effectsof model supports, for aiv-flowmisalinement,and for jet-
boundaryinterferenceeffects. In orderto obtainvaluesof profile-
:&ag coefficientfromforcemeasurements,the irdluoed+agcoefficient
:was computedby the methoddesoribodin reference2, as follows:

Cq = O.0436cL2+ O.0006cL+ 0.0003

The valuesof the constantsfn the forn+lafor CDi were computed

becausethe charts@ven in reference2 do not a~ly for the twist
distributionand tip shapeof this wing. Ths lift M.stributionwas
determinedby the methodof references3 and 4.

Effectof (?amber

Lift and stallfngcharacteristics.-A comparisonof the
aeroa-ic and stallingcharacteristicsof the two wingscan be
obtatnedfrom figures3 and ~L. The lift-curveslopesfor the two
wingswere approximatelyequalat lift coefficientsbelowO,2 and
above1.0, At valuesbetweentheselift coefficientsthe rate of
cheageof the slopefor the synmetrlceJwing was essentiallyuniform
whereasthe slopefor the cemberd wing remafnedconstantup to a
lift coefficientof about0.7, then decreasedabruptlyand remained
constantalmostto the stall. In reference1 the data for the
NACA 65,3-618airfoilwith the 0.20-ohordflap tleflected-10° are
consldezwdto approximatethe characteristicsof’the camberedwing
sectionwhereasthe data for the NACA 65,3418 airfoilapply
directlyas the synmtrical-wingsectioncharacteristics.A

.
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comparisonof the &ata (reference1) of each sectionwith the data
of the correspondingccmpletewing (fig.3) indicatesthat the sha~e
of the lift curvesem similar. The maximumlift coefficientsof the
wings in the un-brlmmdconditionwere app~’o+imatelythe same.

The stallpatterns(fig.k) of the two wingswere similar.
As.theangleof attackwas increased,a crossflow startednear the
trailingedge of the centersectionof eachwing. This flow increased
in severityand spreadoutboarduntilit was directlyperpendicular
to the model centerline. Any regionwhere the d.irectlonof spanwise
flowwas forwardof this perpendicizlarwas then Interpretedas being
a stalledarei~.Additionof csmherslightlydelayedthe crossflow
and the beginningof stalledregims, but once startedthe stallpro-
gressedmore repidly. For bo%h wingsthe inttielstalloccurredat
the upperend.of tinelcv-dz-agrange. ~iffe~n~es in st~llprogression
can be directlycorrelatedwith the diffe~cencesin sectioncharacter- ,
ist~cspreviouslyriiscusasd.Therewa8 littletendencyfor the stall
to be intermittentwatiiZU%STthe attitudeof maximumlift coefficient ‘
had been meched, at whichtim a swirlingtype of stslldeveloped.on
both wlnga.

.

.

.

~rag C&ZWaCtB?iStiCG.-Figum ~ presentsthe profile+rag coef-
ficientof the two w~~as nmasuredby forcetestsand by momentum
loss of thslwing wak13.The resultsfrom the two experimentalmethods
were in close i5gm9ment. A&&fngcemberto the wing airfoilsshifted
the upgerltmit of tke low-dragrangefrom CL = 0.35 to 0.65. AISO,

the value of mfnshum&--agcoefficientwas slightlylower,probably
becauseof smelldifferencesin the surfaceconditionof the wings,
sincethe sectiondrag data of reference1 do not showthis benefit.
The drag valueswere higherfor the cmberedwingthsn for the
symmetr~celwing from ~ = 0.80 to the stall. This difference
in &rag is characteristicofthe airfoilsectionsand is associated.
with the rates of stallprogression.

A comparisonof the sectionprofile-dragcoefficientsat several
val~s of lift coefficientis givenin figure6. Becauseof the cross-
flcw ontb Wing which developedto a noticeabledegreeat valuesof
lift coefficientabove0.5 (fig.h), the dragmeasuredat a given
spenwisestationis not necesmrily the drag correspondingto the
sectionat that stationbut -v correspondto a sectionfartherinboard.
The peaks Z%Hcated at O.~for the csmberedwhgwere found (afterthe

survey)to have resultedfrom narrowflat areason the leadingedge of
the wing.

Pitchlng+aumt c~~acteristics..-From figure3 it is seenthat
addingreflexCam-herto tidewing did not changethe trim at zerolift
sincethe vsl.uesof pitching+omnt ccefficierrtwere identicalfor the
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twowings, In th& l&dra& range Of lift coefficient,addingmmber
movedthe neutral point ahead about2 percentof the mean aerodynamic
bhord. At the upperextremesof the low+ag range of eaohwin& there
was a forward’shifkin the neutralpointwhich oftenocourswith wl~s
of swept-backplan form operatingat moderatelift coefficients,This
shi$twas much more noticeablefor the cambered wing than for the
symmetrtoalwirigand was aasooiatedwith the previouslydiscussed
behaviorof the lift’ati’drag marve&and the stallprogression,Near
maximwnliftthe pitohi~aent coefficientwas more positivefor the
oarnberedwing than for tbe”smtrical w$ng by an ainountthat varted
both with liftooeffioientand Reynoldsnumber. In order%0 trim each
wing at Itsmaxti lift coefficient by deflecting a trailing-edge

‘“controlsurface,a greaterincrementin lift ooeffioientwouldbe
addedfor the cambered wing than for the S~OtI?iCal wing. The result--

“ ing maximumlift coeffloientwould,therefore,be slightlyhigherfor
the cambered wing.

~ffeot of’Roughness
.

Th~ aerod-c characteristiog of both wingswith and without
leading-edge roughnessand at fbun~eynoldsnumbers are presentedin
figure7. Stallingcharacteristicsof the wingswith roughnessare
presentedIn figure8.

Ltft and stall$u Ct rietlg~.-The application of leading-
edge roughness decrease V&e Of dC~&@L = O) for both the
symmetricaland the camberedwing from 0,085to 0.078and”(),082to
0.077,respectively.The averagedecrementin maximumliftwas 0.30
for the symmetricalwing and 0,26for the cemberedwing. The addition
of loading-edgeroughnessto eachwing did not change its stallpattern
althoughthe rate o stallprogressionuocelerated,with a resultant

~decreaseof’4° or 5 in the angleof attackfor maximumlift, The
stalled regions again developed more rapidly on the cambered wing.

Drag oharaoteristics.-Any dragbenefitsshownby addingcamber
to the airfoil disappearedwhen roughnesswas applied, At valuesof
liftcoefficientbelow0.3 the valuesof drag coefficientfor the two
wingswere identioal.The comparative values of drag coefficient for
CL> 0.3 were lessfor the symmetricalwing than for the camberedwiw.
This effectof rcmghnessillustratesthe need for maintaininga smooth
surfaoeconditionin orderthat the benefitof a camberedmean line
may be utilized.

Pltchlng+mmentcharacteristics.-Atlow valuesof liftcoef-
fieient,”the applicationof leading+dgerou@ness caused a forward
shiftin the neutralnointof 1 to 2 uercentof the mean aerOdti10
chord. At’high value;
were approximatelythe

of llft coefficientthe neutral-pointl-mations
samewith the wingsroughas with the wings

.
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smooth,but the 10EM in ma%fmumlift
ness increasd the rate of cheageof

7

coefficientr9sulting from rough-
neutral point with lift ooefficlent.

. . . V&iatiOn of AerodynamicCharacteristict3.

w?.thReeynoldsNuniber ,

L$fi c~tiacterietics.-The variationof maxtmumlift coefficient
with Reynoldsntiberis givenin figure9. With the wing smooththe
maximm lift coefficfontYncreasedwith fnmeasin~ Reynoldsnumber.
This Increasewas more pronouncedfor the symmetricalwing thti for
the camberedwing in the Reynoldsnumberrangeof 3,000,000tq ?,000,000.
The recniltssham in figure7 indics,tethat et low valuesof lift
coefficientthe lift+urre Glopeis independent.of Reynoldsnumber.
At the high valuesof liftkcoe~~ic~.enten increasein slopewith .
increasingRe~olds numberis evidenced. With the wings rc@?j the
maximumlift coefficien~of both wingswas essentie.1.l-yindependentof
Reynoldsntiber.(Seefig. 9.)

Drag chpra@3risticQ.-Fi~e 10 presentsthe variationof
profile-drag.ccefficiont with Reynoldsnumberfor the approximate
desi~ conditio~ of bi@-sRed (CL = O.2)@ cfisfng (CL = 0*7)

fltght● With the wtngs smooth,th proftie-dragcoefficientat
CL = ‘O.2 increasedwith Increasing~Reynoldsnunber~ An increase

tn tunnelaii-streamturbulence’with Reynol@EInumber1s believed
to be partlyresponsib].efor”thfs effect. ?oughness applied to t~e
loadingedge of the wingd ifitiateaturbulentflow overthe wing
surfaoesend then the drag ccefficientshowedlittlechangewith
inoreasinflReynolslsnumber. From previousdiscussionand the curves
shown,the additionof camberto the symmetricalwing appeared,to
have littleeffoct on the wing”d&ag itithe high-s~ed condition. In
the cruisingconditionwith’the wings smooththe cemberedwing still
partlyretainedthe low-dragqualitiesend thus maintainedmuch lower
valuesof drag coefficientthen did the symetrtcal wing, Applying
wing roughnessto both Wings reversedthe situationdecidedlyas pointed
out previouslyand also resultedin appreciabledecreasesin dragwith
kumeaae in Eeynoldsnuniber.

Pitch5~oment characteristics.-W5th the win& both smooth
and rough.increasingthe Re.noldsnumberdid not..noticeablyaffect
the pit~h~ngmoment~f the W-tigsat low valws’,of lift coef?icient.
At any givenlift coefficientnear the stall,the positivevalues
of the pitching+nomentcoefficientdecreasedwith increasingReynolds
number.

—
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Fwxn
modelsto

testsof two highlytaperedmoderatelyswept-backwing
detemine the’effectof chan@ng the alrl%llsectionfrom

symmetricalprofilesto reflex+amberedprofiles,the following
conclusionswere indicated:

1, The upperlimitof,thelow+lragregionof the aerodymamicdly
smoothwingswas shiftedfrom a J.iftcoefficie~ of about0.35 to 0.65,
which al.lcwsd for ,areductionin the hag in the cruiffi~condition.
With leeding+xlgeroughnmw on t~e wingsjthe drag in the rangeof
liftooefffoientabove0.3was decidedlymore for the camberedwing.

2. The value of pitching+nomentcoefficientat zerolift did
not changebut the neutralpo~,ntmoved ahead2 percentof the mesn
aerodynamic chord, The forwardshiftin .neutrelpointwhichwas
Ohfjervedat veluesof lift coefficientabovethe low-dragrangeof
the winGswas more severefor the c@ered w=. Applicationof
roughnesshad a ~ostabilizinginfluenceon,bothwings,

3. The lift-curveslopefor both wingsdecreasedat the upper
end of tho low-&Vagrange. !!?hisdecreasewas more definiteand
pronouncedfor the cemberedwing.

k Stalled areas d.evelopecl on both wings at the upper end of
the low-dragrange. The value of’themaximumlift coefficient,if
the wingswere trimmed, wouldbe sllghtlyhigherfor the cambere~‘
wing men thoughthe stallprogressionwas more rap3.d.

LangleyMemorial”AeronauticalLaboratory
NationalAdvisoryCoumitteefor Aerona~tics

LangleyField,V&., October1, 1946

D. WilliamConner
MechanicalEngineer

A~roved: ~
-414Z&@+G .
ClintonH. Dearborn

Chief of Full+cale ReeearchDivision

—

.

.



itkw ‘m W. L&2

REFHR@l?CES

1. Abbott,I&a H,, Von Doenhoff, AlbertE,, and Stivers, Louis S.j Jr. :
Sumery of Airfoil Data. NACA1.CRNo. L5C05, 1945.

2. Anderson,lla~nd F.: Determinationof the Characteristicsof
Ta.pere~Wi.ngs.RACA Rep. no. 572, 1936.

3. Cohen,DcMs: A Methodfor Determiningthe Camberanti’l?wistof
a Snrfe.ceto Supparta GivenDistribtiionof Lift. NACA TN
M. 855,1942.

4. Cohen, Doris: Theoretic@. Distribution of Load Over a Swept-Back
Wing. EACA AFR, Oct. 1942.

. .

,,

,.. ,,.,. ,, ,.. .
.’

. .



10 NACA TN NO. 1212

TABLE I.- ORDINATES FOR REFLEX-CAMBERED AIRFOIL

[Stations and ordinatesin percentchor~

Root Section

Station

0.3
.6
1.0
2.0

t

2
8
10
15
20
25

:;
39.5
43

z
60
65

!;
80
85
90

E
96
97
98
99
100

,

Ordinate

Upper
surface

1,65
2,05
2.45
3026
3.92
4.49
5.02
5.49
6.33
7.06
8,51
9.60
10,43
log’
11.2i
11.32
11,09
10.61
9.88
:.;:

6:56
5.25
3.91
2*73
1.36

● 73
.39
.26
.14
.08
.04
.04

Lower
surface

d“. 69
-1.oy
-1041
-1● 99
-2.42
-2 ●79
-3,13
-3.43
-3● 97
-4.43
-5*39
-6.15
-6.79
-7.27
-7.57
-7.70
-7.66
-7.45
-7.06
-6,52
-5.83
-5.04
-4.16
-3.26
-2.35
-1.48
-.97
-,67
-.51
-*37
-.23
-:13
-.04

d ...
#.. .

4 ,”’”-.’ - <

Tip Section

Station

0.3
.6
1.0
2.0

:

z
8
10
15
’20
25
30

:;95
45
50
55

$

:
80
85
90
93

;2
97
98
99
100

Ordinate

Upper
surface

I.562
1.937
2.324
3.085
3,711
4.259
;.:$

5:995
6.683
8.056
9.092
9,873
10.392
10.676
10● 717
10.498
10.047
9.358
8.463
7.389
6.212
4.972
3.7D0
2.444
1.285
a.690
a.367
~.244
,135

:.073
.036

a.

Lower
surface

-0.657
-.991
-1.339
-1.887
-2.288
-2.645
-2.962
-3.21j0
yg

-5:107
-5.827
-6.429
-6,882
-~.169
-7.289
-7.258
-7.058
-6,681
-6.173
-5.522
-4*775
-3.938
-3.089
-2● 229
+403

::;;;;

:-.346
-.222
:-.122
0

aIn orderto facilitatemodel construction,the ordinatesfor the rear
lo-percentchordof’the tip sectionwere increasedabovethesebasic

.

valuesto providea 0.13&6-percent-chordtrailing-edgeradius

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
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(b) Cambered wing; oerodYnomic washout abouf 0.25 chord= 4: ~
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F@re 2.- Symmetrical wing mounted for testingin the Langley
19-footpressure tunnel.
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H.gure 5.- Effect o~ airfoilmodificatlonsonthe profile-drag
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Figure 9.- Effect of Reynolds number on maximum lift coefficient with
and without leading-edge roughness.
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